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The mobility of two-dimensional electrons in an Ino.szAla4sAslIno.53Gao.47As inverted 
b modulation-doped structure improved by inserting an InAs quantum well into the InGaAs channel. 
This letter addresses the main cause of this mobility improvement. By optimizing the thickness of 
the InAs quantum well, its distance from the underlying InAlAs spacer layer, and the InAlAs 
spacer-layer thickness, maximum mobilities of 16 500 cm2/V s at 300 K and 155 000 cm”/V s at 10 
K are attained. The improvement in mobility is attributed to a decrease in scattering caused by 
ionized impurities, interface-roughness, and trap impurities. This decrease is a result of the superior 
confinement of two-dimensional electron gas in the InAs quantum well. 
The high-frequency and low-noise performance of high 
electron mobility transistors (HEMTs) fabricated from 
InAlAsLlnGaAs modulation-doped structures are better than 
those of AlGaAs/GaAs HEMTs.i’2 This superior performance 
results from higher electron mobility, saturation drift veloc- 
ity, and sheet-carrier density in the InAlAsflnGaAs two- 
dimensional electron gas (2DEG) system. An inverted 
HEMT (i-HEMT), which has a channel layer located on the 
carrier-supply layer, would be expected to perform better 
than a normal HEMT (n-HEMT) due to the superior electron 
confinement and the shorter distance between the gate and 
the 2DEG.“-5 However, the performance of an inverted 
HEMT is limited by the lower mobility of 2DEG formed at 
the inverted heterostructure. This lower mobility is assumed 
to be a result of the poor structural quality of the inverted 
interface, Si surface segregation into the channel, and the 
trapping of ambient impurities at the inverted interface.” 
Therefore, i-HEMTs have been less actively investigated 
than n-HEMTs. 
We have recently attained improved 2DEG mobility in 
I~,2Alo.4s~~n~.~~G~.~~~ inverted modulation-doped (i- 
MD) structures by inserting an InAs quantum well into the 
InGaAs channel layer (InAs-inserted channel).6-8 2DEG mo- 
bility for the InAs-inserted-channel i-MD structure at 300 K 
is 35% higher than that of the normal modulation-doped (n- 
MD) structure without an InAs quantum well, and is equal to 
that of the h&-inserted-channel n-MD structure. In this let- 
ter, we analyze in detail the electron transport properties of 
the InAs-inserted-channel i-MD structure by Hall measure- 
ment. In this way, we have identified the main cause of the 
2DEG mobility improvement. 
Figure 1 shows the InAs-inserted-channel I’-MD struc- 
ture. The heterostructure used in this study was grown by 
molecular beam epitaxy (MBE) on an Fe-doped semi- 
insulating (100) InP substrate. All InGaAs and InAlAs layers 
were lattice matched to InP, and the growth temperature for 
all layers was set at about 300 “C, since the critical thickness 
increases at lower growth temperatures.’ Based on results iu 
two of our previous reports,6*7 we fixed the InAs quantum- 
well thickness L, at 40 A and the insertion position Z (the 
distance between the InAlAs spacer layer and the InAs quan- 
tun) well) at 25 A. The doping density of the InAlAs carrier- 
supply layer was 4X1018 cm-3. 
During Hall-effect measurements, the sample was kept 
in the dark. The measurements were performed &ing the 
standard van der Pauw technique to obtain the mobility p 
and the sheet-carrier density rz, of the 2DEG as functions of 
temperature in the range from 10 to 300 K. ln addition, the 
effective mass m * of 2DEG in the l&&-inserted-channel and 
conventional i-MD structures was determined by 
Shubnikov-de Haas measurement. It was found that 
m*=0.044in0 at ~1, =2.08X 1Ol2 cmV2 for the InAs- 
inserted-channel I’-MD structure and m* = 0.05 lmO at 
p1,= l.88X1012 cm-’ for the conventional one. The effective 
mass of the InAs-inserted-channel I’-MD structure was about 
10% smaller than that of the conventional one. Details of 
SdH measurement are described elsewhere.8 
Figure 2 shows results of Hall measurements taken in 
the temperature range from 10 to 300 K. The spacer-layer 
thickness for each of these samples is 100 A. For the InAs- 
inserted-channel i-MD structure, we attained a mobility of 
16 500 cm”fV s at a n,=1.96X1012 cm-2 at 300 K. Further- 
more, a low-temperature (10 K) mobility of 155 000 cm2/V s 
ud-InAlAs gate Schottky layer a0OA 
FIG. 1. The Inks-inserted-channel inverted modulation-doped structure. 
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FIG. 2. 2DEG mobility dependence on temperature (6-300 K) in the InAs- 
inserted-channel and conventional inverted modulation-doped structures. 
was reached at a IZ, of 1.86X10” cme2. These values are 
85% higher at 300 K and 250% higher at 10 K than those of 
the conventional i-MD structure. In particular, the low- 
temperature mobility is higher than anything reported previ- 
ously for InAlAs/InGaAs normal and inverted MD struc- 
tures. Below 30 K, the mobility saturates in both the InAs- 
inserted-channel and conventional l’-MD structures. This 
shows that the mobility at low temperatures is limited by 
temperature-independent scattering mechanisms such as al- 
loy disorder and ionized impurities.rO However, the influence 
of alloy-disorder scattering is assumed to be negligible be- 
cause the mobility of the conventional &MD structure is far 
smaller than that of the Ino~5,Gao,&s/InP I’-MD structure, 
which is dominated by alloy-disorder scattering (,u-190 000 
cm”/V s at 4.2 Kj.” Above 100 K., the mobility exhibits an 
exponential decrease, indicating that the transport properties 
at high temperatures are dominated by polar-phonon scatter- 
ing. The values observed at these temperatures vary at 
T-1.27’o.04 for the InAs-inserted-channel and T-“.99’o.03 
for conventional i-MD structures. The temperature depen- 
dence of In&-inserted-channel i-MD structures is compa- 
rable to that of pseudomorphic InAlAs/InGaAs n-MD 
structures.‘2 On the other hand, as will be discussed later in 
more detail, the weaker temperature dependence of the con- 
ventional i-MD structure can probably be attributed to the 
effects of increased ionized-impurity scattering. 
Figure 3 shows the mobility and sheet-carrier density as 
functions of the spacer-layer thickness tsp at 300 and 10 K. A 
sharp increase in 2DEG mobility is observed when increas- 
ing the spacer layer thickness from 20 to 100 A. This is due 
to reduced Coulomb scattering between the electrons in the 
2DEG and the ionized donors in the InAlAs carrier-supply 
layer. In addition, Coulomb scattering caused by the silicon 
ionized donor moving into the InAlAs spacer layer and the 
InGaAs channel layer by surface segregation can be reduced. 
This shows that ionized-impurity scattering is the dominant 
scattering mechanism at low temperatures in both the InAs- 
inserted-channel and conventional I’-MD structures. 
Figure 4 shows the calculated 2DEG distribution in the 
conventional and I.&s-inserted-channel i-MD structures at 
300 K, which was derived by solving the Shrijdinger and 
Poisson equations self-consistently. The conventional and 
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FIG. 3. Mobility and sheet-carrier density as functions of spacer-layer thick- 
ness tSp at (a) 300 K and (b) 10 K. 
InAs-inserted-channel i-MD structures are identical, except 
for the InAs quantum well inserted in the InGaAs channel 
layer. Almost all of the 2DEG in the InAs-inserted-channel 
i-MD structure is formed in this InAs quantum well. The 
distance between the peak position of the 2DEG and the 
InAlAs/InGaAs interface is about 15 A longer in the InAs- 
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FIG. 4. Calculated 2DEG distribution and subband levels in the (a) InAs- 
inserted-channel structure and (b) conventional inverted modulation-doped 
structure at 300 K. 
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inserted-channel i-MD structure as -a result of optimizing the 
insertion position. This indicates that the scattering caused 
by ionized donors in the InAlAs carrier-supply layer, as well 
as Si surface segregation, is reduced. However, this phenom- 
enon by itself cannot explain the remarkably improved mo- 
bility in the &&inserted-channel i-MD structure. This is 
because even the mobility at 10 K of the InAs-inserted- 
channel i-MD structure with a tsp of 60 A is about 150% 
higher than that of the conventional n-MD structure with a 
t,, of 100 A. We assume that another reason for the improved 
mobility is related to the decrease in scattering caused by 
interface roughness and trap impurities. This is because the 
degree of 2DEG distribution around the InAlAs/InGaAs in- 
terface in the InAs-inserted-channel i-MD structure is re- 
duced to about one-third due to electron confinement in the 
InAs quantum well (see Pig. 4). In addition, there are other 
possible reasons for the improvement in 2DEG mobility in 
the InAs-inserted-channel I’-MD structure. One is a reduction 
of about 10% in the effective mass of 2DEG.s The other is a 
decrease in alloy-disorder scattering due to the confinement 
of 2DEG in the InAs quantum well. However, as mentioned 
above, the influence of the alloy-disorder scattering is negli- 
gible because ionized-impurity scattering dominates at low 
temperatures. We consider the influence of these two factors 
on mobility improvement to be minimal. Thus, we assume 
that the primary cause of improved mobility in these struc- 
tures is the suppression of ionized-impurity scattering. Asec- 
ondary cause is the suppression of scattering at the InAlAs/ 
InGaAs interface. 
In conclusion, we have shown that the mobility of two- 
dimensional electrons in an InAlAs/InGaAs inverted 
modulation-doped structure can be improved by inserting an 
InAs quantum well into the InGaAs channel. When this InAs 
quantum well is 40 A thick and inserted 25 A from the 
InAlAs spacer layer, a maximum mobility of 16 500 cm2/V s 
at 300 K and 155 000 cm2/V s at 10 K were attained. These 
values are 85% and 250% higher, respectively, than those of 
the conventional I’-MD structure without an InAs quantum 
well. The reduced mobility at low temperatures in the 
InAlAslInGaAs LMD structure is limited primarily by 
ionized-impurity scattering, and secondarily by scattering at / 
the InAlAs/InGaAs interface. Thus, mobility improvement in 
InAs-inserted-channel i-MD structures is attributed to a de- 
crease in the scattering caused by ionized impurities, inter- 
face roughness, and trap impurities. This decrease results 
from the superior confinement of two-dimensional electron 
gas in the InAs quantum well. 
We thank M. Tomizawa for his help in calculating 2DEG 
distribution and T. Ishikawa for the MBE growth. We also 
wish to express thanks to H. Hiratsuka, T. Mizutani, and Y. 
Ishii for their encouragement. 
‘U. K. Mishra, A. S. Brown, L. M. Jelloian, M. Thompson, L. D. Nguyen, 
and S. E. Rosenbaum, IEDM Technical Digest, (The IEEE Electron De- 
vices Society, Washington, DC, 1989), p. 101. 
‘P. C. Chao, A. J. Tessmer, K.-H. G. Duh, P. Ho, M.-Y. Kao, P. M  Smith, 
J. M. BaIlinga& S.-M. Liu and A. A. Jabra, IEEE Electron Dev. Lett. 11, 
59 (1990). 
“A. E. Schmitz, L. D. Nguyen, A. S. Brown, and R. A. Metzger, in Pro- 
ceedings of the Devices Research Conference, Boulder, 1991 (The IEEE 
Electron Devices Society, New York, 1991), p. III B-3. 
4A. S. Brown, L. D. Nguyen, R. A. Metzger, M. Matloubian, A. E. Schmitz, 
M. Lui, R. G. Wilson, and I. A. Henige, in Proceeedings of the Znterna- 
tional Symposium on GaAs and Related Compounds, Seattle, 1991, Inst. 
Phys. Conf. Ser. No. 120 (IOP, Bristol, 1992), p. 281. 
‘H. I. Fujishiro, H. Tsjui, and S. Nishi, presented at the International Sym- 
posium on GaAs and Related Compoounds, New Jersey, 1990, Inst. Phys. 
Conf. Ser. No. 112 (TOP, Bristol, 1991), p. 4.53. 
“T. Akazaki, K. Arai, T. Enoki, and Y. Ishii, IEEE Electron Dev. L&t. 13, 
325 (1992). 
‘T. Akazaki, T. Enoki, K. Arai, and Y. Ishii (unpublished). 
‘T. Akazaki, J. Nitta, H. Takayanagi, T. Enoki, and K. Arai (unpublished). 
‘G. J. Whaley and P. I. Cohen, J. Vat. Sci. Technol. B 6, 625 (1988). 
“W  Walukiewicz, H. E. Ruda, J. Lagowski, and H. C. Gatos, Phys. Rev. B 
30, 4571 (1984). 
‘ID. Gmtzmacher, R. Meyer, P. Balk, C. Berg, T. Schapers, H. Liith, M. 
Zachau, and F. Koch, J. Appl. Phys. 66, 697 f1989). 
12.1. M. Kuo, B. Lalevic, and T. Y. Chang, .I. Vat. Sci. Technol. B 5, 782. 
(1987). 
Appl. Phys. Lett., Vol. 65, No. 10, 5 September 1994 Akazaki et a/. 1265 
Downloaded 31 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
